Abstract -The
INTRODUCTION
The education of engineering students in the subject of electric circuit analysis traditionally involves rigorous problem solving, complemented by laboratories that illustrate the various analysis theorems. This approach lacks a motivational component, which is more pronounced when the subject is taught to non-electrical or computer engineering students. Additional difficulties result when teaching first year engineering students, due to their weaker mathematics skills and immaturity in visualizing the abstract topology of circuit problems. For many students, a lack of intuition in electrical concepts further impedes understanding.
The difficulty in teaching the mathematical abstraction of circuit theory to early stage engineering students has been recognized by many. In [1] , several factors were noted as causing difficulty in the teaching of electricity courses to engineering students from outside electrical and computer engineering. Some included lack of interest, the high level of abstract thinking required, the varied topics to be covered, and the use of complex number arithmetic. In addition, the teaching of electronics to students from other engineering fields is often done in service courses. Accordingly, large class sizes are common, and this was also noted in [1] .
This paper presents a laboratory-centered approach to introduce engineering students to a broad range of electric devices and systems. This hands-on approach has been used for the past three years in our Department to teach first year, common core, engineering students electric concepts. Laboratory projects, many open-ended design projects, were selected so that students could explore and construct different types of electrical systems, including motors, communication systems, digital systems, medical instrumentation, and micro-electromechanical (MEMS) motion sensing systems. Many earlier studies have shown that an interactive approach to learning can benefit student retention and understanding [2, 3] . Accordingly, it was felt that a laboratory-centered approach would be essential to achieve the broad topical content exposure. Our laboratory focus has been to provide a breadth approach, as opposed to a narrow analytical rigour based approach.
Primary goals were to develop student intuition in electrical concepts and their scientific fundamentals, and to provide a historical background for the development of our modern electrical society. This paper also discusses the pathway leading to the development of this teaching approach and teaching results achieved, which has included increased student motivation and a significant increase in Electrical and Computer Engineering enrollment.
BACKGROUND MOTIVATION
All 1 st year engineering students at the University of Manitoba undertake a common course program. In addition to courses in subjects such as Mathematics, Natural Sciences, English, and Computer Science, all students take three Engineering Science foundation courses: Introduction to Thermal Sciences, Introduction to Statics, and Introduction to Electrical and Computer Engineering.
The latter course introduces all engineering students to concepts in electrical systems. From 1999-2008, it focused primarily on electric circuit concepts using a traditional mathematics based approach. Experience has shown that while the ability to solve electric circuits problems is developed, this approach fails to give students an intuitive and contextual understanding of electrical systems. When teaching students who will subsequently continue in Electrical or Computer Engineering, this "circuit analysis first" approach is sufficient, as later courses provide more content and laboratory experience in various needed electronic device skills. However, students who later proceed into other fields, suffer from this lack of exposure to electrical systems content.
An additional issue is the mathematical skills level and problem solving maturity of 1 st year students. When circuit analysis is taught in 2 nd year, engineering students possess significantly stronger mathematical skills than those in 1 st year, who primarily rely on grade 12 level mathematics, and who commonly have never been exposed to Calculus or Complex Number concepts. In additional, 1 st year students have little experience in solving multi-step abstract problems. It is common that many circuit analysis problems provided in common textbooks are abstract, with multiple essentially arbitrary interconnections. They often have little relation with any physical electric circuits, and are rather focused on developing student mathematical skills in solving arbitrary circuit topologies.
It should be mentioned that the 1 st year courses in Thermal Sciences and Statics are also taught using a very analytical approach. However, in the case of these two courses, this approach works to strengthen a student's pre-existing understanding.
Concepts such as heat conduction, temperature difference, liquid-gas phase, force loading and structure support are understood by students, at least at a low level. Such knowledge has already been gained through childhood experience, or has already been presented to students in science courses in earlier schooling. This background knowledge provides students some intuitive foundation, which helps them understand the physics behind the content taught in Thermodynamics and Statics courses. By comparison, this intuitive foundation is missing, for most students, in the subject of electrical systems, and so many students face the dual challenge of learning both electrical systems concepts and the mathematics of solving these systems under difference operational conditions. Overall, two main educational motivations led to the revision of our 1 st year Introduction to Electrical and Computer Engineering course. The first was to improve the ability of students to understand and solve basic circuit analysis problems involving both dc and ac sources, given their weak mathematics skills and lack of experience in solving abstract problems. Second, with electronic devices (such as sensors, actuators, microcontrollers) now ubiquitous, it is essential that future engineers, in all engineering disciplines, have an understanding of design principles and needs of a broad range of electrical devices.
NEW COURSE STRUCTURE & CONTENT

Course Structure
Enabling the broad exposure to many electrical systems concepts, within the limited teaching time available, required a restructuring of the course delivery. It was decided that the traditional 3 lecture hours per week (39 hours/term) with 5 three hour laboratories (15 hours/term), totalling 54 contact hours, would not be suitable. With this limited number of laboratories, the desired additional electrical devices and systems content would need to be added to the lectures. This would be unsuitable, as lecture based teaching provides limited ability for students to gain practical experience.
Three solutions were considered. First, an initial restructuring was to restrict the circuit analysis teaching to only dc concepts, and to add additional laboratories, increasing from 5 to 8 while reducing their length to two hours. Feedback showed that while some additional electrical concepts could be introduced, the short laboratories only enabled simple circuits of narrow scope to be attempted. Also, restricting the course to only dc concepts, greatly limited the range of topics that could be introduced to students. As well, this limitation, to a degree, made the content that was delivered much less interesting leading a drop in student interest.
Second, consideration was to adopt a pure laboratory centered education. After consideration by faculty, this was rejected as it was strongly felt that students needed to have some degree of formal exposure to the methodology of solving electrical systems and circuit problems.
The third solution, which has now been implemented, was to structure the course with 2 lecture hours per week (26 hours/term) and 10 three hour laboratories, giving a course total of 56 contact hours. The lectures provide the formal exposure to solution methodologies, while the 10 laboratories provide the venue for practical exposure to working with and designing electrical systems.
Fall and winter teaching terms each have typically 200-220 students, divided between two lecture sections. Laboratories are given 5 days per week, resulting in 40-44 students in each laboratory. A smaller summer session also is taught. The laboratory room has 11 stations, resulting in groups of 3-4 students. This sub-division into smaller groups, with three TAs and a professor present in each laboratory session, solved the problem of the overall large class size. The group work also provides experience in collaborative learning. Students in laboratory groups submit individual reports (completed within each laboratory session). A combined group mark is also given based on the build quality of projects.
Lecture Content
The content of the lectures covers three main subjects. First, dc circuit analysis is covered in detail, using KVL and KCL methods, voltage and current division. Circuits are limited in complexity, as the goal is to teach and test the physics involved in the solution, as opposed to testing the ability of students to visualize and solve complex abstract circuit topologies. The advanced methods of Nodal or Loop analysis, and Source Transformations are not taught, and are left to 2 nd year courses. Typical circuits presented are limited to 2-3 loops.
Second, the solution of sinusoidal steady state ac circuits is covered. Concepts include phase, impedance, complex and average power, complex number mathematics (brief introduction), and capacitor and inductor devices. Solutions of circuits using impedance techniques are limited to 2 loops. The logic of limiting the circuit size is to not make circuits too large so that the solution becomes a demonstration of skill in complex number mathematics, as opposed to only demonstrating ability to solve steady state ac circuits. Complex number mathematics is covered more formally in other courses.
Third, digital logic concepts are taught. Topics include binary and hexadecimal numbers, number base conversion, 2's compliment mathematics, logic gates (AND, OR, NOT, etc.), truth tables & functions.
Overall, the lecture content provides all 1 st year students a good formal exposure to the subject of dc and ac circuit analysis, and an introductory exposure to digital devices and logic. Students who later choose to enter electrical or computer engineering, would build upon this background in their later courses. This includes another formal circuit analysis course in their 2 nd year, which completes the subject, and which is undertaken at a more mathematically rigorous level.
Laboratory Motivation & Content
The motivation for the 10 laboratories is to expose our common 1 st year students to advanced topics and electronic devices at an early stage. It is a benefit for all engineering students to possess a broad exposure to electrical systems. For example, mechanical engineers would benefit from some early experience with motors and digital systems. It is also a benefit for all engineering students to have experience with sensor systems, which are becoming ubiquitous, particularly inertial sensors.
The 10 three hour laboratories are structured as independent modules, where students are introduced to concepts surrounding the subject area of each laboratory. Each laboratory begins with a tutorial (typically 30-40 minutes) presented by a professor, that introduces the history, industrial implementation, and in some cases biological requirements, of the electrical systems to be utilized in the laboratory. Necessary background theory (scientific and circuit analysis methodology) is also presented. This is done so that each laboratory, to a degree, is independent of flow of the content delivery in the lectures. This was a requirement as students taking laboratories, on any of the 5 days per week, come from any of the various lecture sections of the course taught that term. Therefore, lecture content is not always synchronized between instructors and laboratories.
Each of the 10 laboratories is focused around a topical theme, such as electric motors, communication systems, biomedical devices, etc.. Many labs are open-ended projects, where student groups must construct a given electrical system (such as a self-leveling platform) out of basic electrical components and supplies (cardboard, tape, scissors, steel rod, popsicle sticks, etc.). This approach has three goals. First, to provide a Discovery Based Learning approach to topics and to build student intuition in electrical concepts and their scientific fundamentals. Second, by requiring students to actually build a physical device, they gain experience with practical thinking that all engineers need. Third, the lab projects are selected to provide an exposure to system level design concepts, such signal measurement, feedback, control, sensing, etc.. These issues are common to all engineering disciplines, and an exposure to them at the outset of their engineering education was thought to be beneficial.
The breadth of topics covered over the 10 laboratories is extensive. The first labs are introductory, providing students with no electrical experience some common background, and subsequent laboratories focus on more advanced topics. A brief summary of the 10 laboratories is given below. Pictures of some of the laboratory projects are given in Figures 1-4 
RESULTS AND DISCUSSION
The wide breadth of topics covered in the laboratories has impressed many of the faculty who have reviewed the content this course. The laboratory-centered approach has shown clear ability to introduce a very wide range of topics, with a hands-on experiential exposure, even to 1 st year students. This result supports the assertion that an interactive approach to learning can benefit retention and understanding.
The rational for this wide exposure was initially debated. For example, topics such as p-n junctions and transistors are only briefly introduced. Discussion as to whether these brief introductions, which lack the advanced mathematics and physics presentation done in upper year courses, would be worthwhile. Compromises were made, for example, the transistor is largely presented as a simple switch, with no formal discussion given for its usage as an amplifier.
Nonetheless, students have successfully shown the ability to construct, albeit simple, implementations of light meters, self-leveling tables, and light tracking motors. At the same time, they have gained experience using devices such as transistors and MEMS sensors.
Professors teaching this course have observed several facts. The most significant has been the increased student motivation observed in the laboratories, and significantly greater interest in the course subject than before. Also, greater student-professor and professor-student engagement is now occurring, with many students asking questions about advanced concepts beyond the scope of particular laboratories or lectures. Supporting these observations, is that enrollment into Electrical and Computer Engineering from the 1 st year into the 2 nd year has significantly increased. Enrollment since this course change has been implemented has increased 2.6 times.
Feedback from examinations has shown that students are capable of correctly solving circuit problems involving the wide range of topics presented in the new laboratories, such as transistor biasing, amplifier gain, and complex number impedance parameters for sinusoidal ac circuits (It should be noted that testing is now done using multiple choice examinations -where no parts marks are given, whereas in prior incarnations of the course part marks were given). This is in contrast to observations from the prior incarnation of the course, where large circuit analysis problems (often with arbitrary topology) were required of students. The prior lack of student ability to correctly solve these problems to full completion was often attributed to them to having poor understanding of the subject matter. Rather, it seems that in some cases the lack of ability was due to students not possessing the maturity to visualize and undertake multistep abstract problems, as opposed to them not understanding particular electric circuit or device concepts.
Essentially, students have shown that at the 1 st year level they are fully capable of understanding and applying the multitude of concepts covered the laboratories, as long as problem complexity does not extend beyond 2 or 3 levels. Extending beyond this level of complexity would require greater problem solving maturity than is commonly present at the 1 st year level. This being the case, perhaps a conclusion could be to leave some of the more complex problems for upper years when students have more maturity, and to instead spend the time teaching more background concepts, to develop a greater knowledge base before students enter 2 nd year. The breadth of topics covered in the 10 labs, as well as the hands-on construction of the many small projects (such as those shown in Figures 1-3 ), gives students a broad conceptual exposure to design issues in many types electrical systems. This helps in the building of an intuitive understanding of concepts, which students can use in subsequent courses when they study these concepts in detail using formal mathematical analysis. It is hoped that this will help motivate students in more advanced upper year courses as well.
It should also be mentioned that the historical development and societal implications of technological innovations discussed in some of the laboratories could be of benefit to the education of engineering students. For example, the laboratory exploring energy efficient lighting begins with a discussion of lighting technology though history, from fire, to oil, to gas, then eventually to electric systems in various forms. This evolution at various stages has had significant societal and environmental consequences and benefits, such as indoor lifestyle, increased industrial productivity, literacy, and unexpected benefits such as inexpensive kerosene replacing whale oil (which can be attributed as one of the factors leading to the decline of the 19 th century whaling industry). These historical and societal discussions provide beginning engineering students with an awareness of how technological innovations have impacted society.
CONCLUSIONS
This paper presented our experience with teaching 1 st year common core engineering students in the subject of electrical devices and systems. The course was structured to have a greater laboratory contact time, than lecture time. Lecture content focused on formal exposure to circuit analysis mathematics. Laboratory time was focused on introducing engineering students to a broad range of electrical devices and systems concepts.
Developed laboratories introduced many concepts that are usually only discussed in upper year electrical and computer engineering courses. Students worked in groups to solve open-ended design projects within many of the laboratory sessions. Laboratory projects were selected to develop student intuition in electrical concepts and their scientific fundamentals, expose students to multiple electrical devices, and provide a historical background leading to the development of our modern electrical society. Also demonstrated in many projects are systems-level design issues common to all engineering disciplines, such as signal measurement, feedback and control, and sensing. Increased student motivation has been observed, supported by a significant increase in Electrical and Computer Engineering enrollment (an increase of 2.6 times), increased studentprofessor and professor-student engagement, with student inquiry about advanced concepts beyond the scope of the course now commonly occurring.
It should be noted that seven professors have taught sections of this course over the past three years, and similar results have been seen each year. This supports the conclusion that the outcomes are due to the course structure and content, as opposed to the person in front of the class.
